Summary
To determine which warming system more closely approximates a neutral thermal environment, the oxygen consumptions of 16 premature babies 4 5 0 0 g were measured in a convectively heated incubator and a radiantly heated incubator. Both systems were controlled to maintain a skin temperature of 36°C. The oxygen consumptions of the infants were not significantly different in the two incubators; thus, there was no detectable advantage to the use of convective or radiant energy in approximating a neutral thermal environment in an incubator for the small premature infant. That proportion of total heat loss from the babies due to radiant losses in the convective incubator was directly calculated from incubator temperature using equations described in the paper, and found to be 68 f 3% SE.
A neutral thermal environment is an environment in which standard metabolic rate, or oxygen consumption, is minimal, and within which temperature regulation is achieved by nonevaporative physical processes alone (2) . Because the neutral thermal range (2 1) seems to coincide with the conditions under which premature babies show the greatest survival rate (4, 7) , it has been theorized that the best incubator or warmer would be one which maintained the infant in a neutral thermal environment: a state of minimal oxygen consumption.
The survival rate studies by Day et al. (7) and Buetow and Klein (4) showed that the highest survival rate was achieved in a warm radiantly heated incubator. Because this radiantly heated incubator is no longer manufactured, most nurseries use convectively heated incubators or open radiant warmers. Equally warm Val. 18, No. 5, 1984 Printed in U. S.A. radiantly and convectively heated enclosed incubators have never been compared, either for survival rate or for thermoneutrality. But it was demonstrated in our laboratory that the open radiant warmer is less thermoneutral for the small premature than a convectively heated incubator (12) . The radiant incubator, in contrast to the open radiant warmer, has a more consistent air flow pattern as it is enclosed rather than open. It has a warmer air temperature and, thus, less difference between effective radiant and convective temperature. The relative inferiority of the thermal environment produced by an open radiant warmer may or may not be due to the use of radiant energy as a heat source. It seemed appropriate, therefore, to compare infants' oxygen consumptions in a radiantly heated incubator and a convectively heated incubator.
MATERIALS AND METHODS
Sixteen infants under 1500 g were studied. The 16 infants were feeding and gaining weight at the time of the study and required no supplemental oxygen. Informed consent was obtained. A summary of the characteristics of the infants is given in Table 1 .
Each infant was studied both in the radiantly heated incubator and the convectively heated incubator. The order in which the incubators were used was randomized. The infant's oxygen consumption was measured during a period of non-REM sleep after the infant equilibrated at least 1 h in each of the incubators. Non-REM sleep was defined as a period of 20 min of apparent sleep with a period of at least 10 min of regular respirations, no rapid eye movements (by observation through closed lids), and no gross movements except occasional jerks. All oxygen con- sumption measurements were deferred until at least ' 12 h after feedings or other interventions associated with the infant's care. After a measurement that met all these conditions, the infant was switched to the other incubator or, on termination of the experiment, returned to his usual mode of care. The radiantly heated incubator was an Air-Shields Model C-86 incubator with the convective heater turned off and the heat provided by a Merco Products radiant heater, Model SH-36-SS, suspended from the incubator shelf 17 cm above the top wall of the incubator. The Merco warmer was turned on and off by a signal from a PDP-I I computer as described previously ( 1, 17). The heater was regulated so as to maintain the sum of the skin and the environmental temperatures (T,, arbitrarily defined) equal to a set point, i.e.,
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In practice, because environmental temperature varies more rapidly than skin temperature, this acts like a system servo controlled to environmental temperature. The set point was initially chosen so that the skin temperature was near 36" (all temperatures given in degrees centigrade). The set point is then automatically raised by O.Olo/min if the skin temperature is <35.5", and lowered by O.Ol0/min if the skin temperature is >36". The regulating top wall probe (to contrast the measuring top wall probe used in making the temperature measurements reported in the results section) was placed outside the incubator, near the Merco warmer, to further decrease temperature fluctuations. The use of the computer controller, with the regulating top wall probe placed outside the incubator, produced a system with <0.2" change in environmental temperature during cycling. The convectively heated incubator was also an Air Shields Model C-86, and was also computer controlled by the same equations; however, the regulating top wall probe was placed inside the incubator and the incubator's convective heater was used rather than the Merco warmer. This system also had ~0 . 2 " change in environmental temperature during cycling.
Both warming systems were set to maintain the temperature of the same skin probe near 36". A skin temperature of 36" was chosen, as this was the temperature used in the clinical studies on incubator efficacy (4, 7, 17) and the associated studies on thermal neutral environment (21) . Both incubators were set to provide maximal humidity. Oxygen consumption and respiratory quotient were measured with a Kipp-Noyon diaferometer model MG4 and recorded on a Kipp and Zonen BD-2 Micrograph. The diaferometer uses an open flow method for measuring oxygen consumption. Basically, this entails sucking air from the hood over the infant's head at such a rate that all expired gases are collected in the flow. Oxygen consumption is then calculated by multiplying the flow rate by the change in oxygen concentration relative to room air. The oxygen concentration of gas sample after C 0 2 and H 2 0 are removed is proportional to its thermal conductivity, provided the relative proportions of the other constituents do not change. The diaferometer compares the concentration of oxygen in room air and expired gas in identical thermal conductivity cells and generates an electrical signal proportional to the change in oxygen concentration [more complete discussions are available in the literature (10, 16, 23, 24) ]. Carbon dioxide production is measured in a similar manner. The diaferometer was calibrated as described previously (12) . All oxygen consumption measurements were corrected to standard temperature and pressure.
Expired gas was collected in a small polyethylene hood secured with a draw string about the infant's neck (12) . The hood was constructed by stretching a polyethylene film over an aluminum frame [polyethylene is essentially transparent to thermal radiation in the infrared region (l2)I.
Out of concern that elevated breath hydrogen levels (14, 19) reported in premature babies might affect the measurement of oxygen consumption by diaferometer (24) , hydrogen absorbers (Matheson Scientific, #64-1000, decreases hydrogen concentration to <1 ppm) were added to the sample and control circuit for the last three infants studied. The oxygen consumption measurements in these three babies were similar to those of the group as a whole. Respiratory quotient is a sensitive measure of hydrogen contamination because hydrogen decreases the measured oxygen consumption 10 times as much as the measured carbon dioxide production. Respiratory quotients in the total group of infants were similar to those reported by other methods for infants of similar age and weight (5) . The highest respiratory quotient was measured with the hydrogen absorbers in place; thus, it is unlikely that hydrogen excretion affected the measurement of oxygen consumption in this study.
The temperatures of all six incubator walls, incubator air, hood air (temperature within the polyethylene hood used to collect expired gases), rectal, facial, and skin temperature were measured with Yellow Springs Instruments series 402 thermistors, as described previously (12) . Reported temperatures are those taken at the time the oxygen consumption measurement was taken. The baby was studied naked and was placed on his stomach with his head toward the air exhaust of the incubator.
Eight of the temperatures were recorded on a strip chart. This allowed easy assessment of the thermal stability of the warming system. Air and wall temperatures were stable for at least 30 min before measuring oxygen consumption. Rectal and skin temperature changed no more than 0. l o in the 20 min before measuring oxygen consumption.
It is naive to assume that the skin temperature of the entire epidermis of an infant is accurately reflected by three skin probes (18) (i.e., skin, face, foot). Mean skin temperature (T,,) was calculated as described previously (1 2 
Tf,, = front end wall temperature (the wall nearest the heater output) T,,, = rear end wall temperature (wall nearest the air exhaust) Tfw = front wall temperature T, = rear wall temperature T,, = diagonal wall temperature T,, = top wall temperature The derivation of this equation is published elsewhere (13) . Metabolic rate (MR) was calculated using the oxygen consumption (VOz) and the respiratory quotient (R) by the equation (9) where 0.98 is the emissivity of human skin (8) , the emissivity of the incubator is assumed to be 1 [based on the incubator being large relative to the infant (20)], u is the Stephan Boltzman constant, A, is the area of the baby projected in the plane of the wall (i.e., the amount of the baby that faces the wall), and 0 is the solid angle of the wall with respect to the baby [see Appendix to (13) l. This quantity was adjusted for differences in subject surface area [surface area was assumed proportional to weight to the 0.75 power (1 I)]. Percentage radiant heat losses were calculated by dividing radiant heat losses by metabolic rate.
Relative humidity was measured with a wet bulb -dry bulb thermometer placed near the infant. The statistical significance of differences was calculated using two-tailed paired t test. All measurements are reported as mean _+ standard error unless otherwise stated.
RESULTS
The results are summarized in Table 2 . The mean oxygen consumption by infants was 7.12 ml. kg-' . min-' in the radiantly heated incubator and 7.17 ml . kg-' . min-I in the convectively heated incubator. The oxygen consumption in the convectively heated incubator was greater by 0.5 _+ 0.29 ml .kg-'. min-I which is not significant. The 95% confidence interval for the difference is (0.68 ml. kg-'. min-', -0.56 ml . kg-'. min-') or (9%, -8%).
Respiratory quotient, time in incubator before measurement, time since fed, and rectal, face, skin, foot, hood air, mean skin temperature, and environmental temperature were similar in the two incubator systems. Incubator air temperature was 1.8 f 0.2" colder ( P < 0.001) and relative humidity was 5.2 + 2.1 % lower in the radiantly heated incubator ( P < 0.05).
Metabolic rate correlated significantly with environmental temperature ( r = -0.61, P < 0.0005), and more strongly with environmental skin gradient (T,, -T,,,, r = 0.65, P < 0.0001, Fig. 1 ). The correlations of metabolic rate with air temperature ( r = -0.41, P < 0.05) and with air skin gradient ( r = 0.41, P < 0.02) were weaker though not significantly so. The correlation of environmental temperature with metabolic rate is an indication that in devices controlled in the neutral thermal zone differences in basal metabolic rate or heat production will be reflected in differences in environmental skin gradient or heat loss. That the correlation is not an indication that the babies were controlled in a subneutral thermal zone is shown in Table  3 . If the babies were controlled in a subneutral thermal zone, those infants who had lower environmental temperatures in convective incubators would have higher metabolic rates in that incubator. The same would be true for the radiant incubator; thus, there would be a significant excess of infants in the radiant, radiant, and convective, convective blocks of the table. No significant excess was seen. Metabolic rate did not correlate with skin temperature ( r = 0.06) or mean skin temperature ( r = 0.00).
The percentage of total heat loss accountable by radiant losses (% heat loss radiant) was less in the radiantly heated incubator (40 _+ 5% less, P < 0.001). The calculated % heat loss radiant in the convective incubator was 68%. Evaporative losses in 3-wk- P < 0.001 *The oxygen consumption in ml.kg-' .min-I, respiratory quotient (RQ), total time in incubator system (time in inc.), time since last feeding (time since fed) in min, various temperatures in "C, relative humidity, metabolic rate in cal. kg-'. min-' and percentage of metabolic rate accountable by radiant heat losses (% heat loss radiant), are given in the convectively heated incubator (CI) and the radiantly heated incubator (RI) with standard errors. Because this is paired data, the third column shows the differences found (convectively heated-radiantly heated) k SE of the difference. The last column shows the significance level (NS is not significant, P > 0. I).
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LEBLANC old infants at the humidities used in this study would be very small (1 5,22). Therefore, % heat loss radiant corresponds to the percentage of non-evaporative heat losses accountable by radiant losses reported by others (9, 25, 26) .
DISCUSSION
No significant difference was found in the degree to which a radiantly heated incubator and a convectively heated incubator as used in this experiment could approximate a neutral thermal environment in the small premature. Although this experiment would have detected an 8-9% difference in oxygen consumption, a smaller difference might not have been picked up [i.e., the 95% confidence interval is (9%, -8%)]. The fact that the mean difference was < 1 % is somewhat reassuring and indicates that in a short-term experiment in stable enclosed incubators there is no detectable advantage to convective or radiant energy.
It should be mentioned that different methods of assessing the thermal cost of a warming system could be used. The use of non-REM sleep is arbitrary, and other quiet states could have been chosen. Indeed, one could choose to average oxygen consumption over all states to produce a total metabolic expenditure. If the eficacy of warmer incubators (4, 7, 17) is caused by reducing metabolic expenditure, this would theoretically be the best method of assessing incubator efficacy. This method, however, is not a measure of thermoneutrality, which requires a quiet state for measurement. Although it is possible that any of these choices could have produced different results, it is likely there would be a high degree of correlation between the results of all these methods (3, 6) .
The lack of a difference in oxygen consumption of infants in radiantly and convectively heated incubators, contrasts the demonstrable difference in the relative thermoneutrality of an open radiant warmer and a convectively heated incubator (12, 26) . The relative inferiority of the thermal environment produced by an open radiant warmer, therefore, is not due solely to the use of radiant energy as a heat source. The % heat loss radiant reported here for the convective incubators is similar to the % non-evaporative heat loss radiant reported by Wheldon and Rutter (25, 26) and the earlier estimate of Hey and Mount (9) .
